High versatility of direct laser write (DLW) technique makes it ideally suited for fabrication of 3D micro-and nano-structures with complex lattice topologies. However, DLW typically exploits irreversible photomodification of materials, for example optical breakdown or photopolymerization. Here we describe application of DLW technique for structuring of iron-doped lithium niobate (LiNbO 3 :Fe) crystals. This approach exploits reversible photomodification resulting in low refractive index modulation (∼ 10 −3 ) via photorefractive effect. We demonstrate formation of meta-stable, optically reconfigurable structures that can be erased or re-written without permanent optical damage to the host crystal. All-optical recording-erasure cycle may allow realization of dynamically modifiable photonic microstructures, such as waveguides, diffractive elements and optical memories.
INTRODUCTION
Direct Laser Write (DLW) technique is a highly promising tool for fabrication of complex three-dimensional (3D) structures in transparent dielectric materials.
1 Being a contactless technique, DLW enables faster and cheaper processing of materials, and allows one obtain microstructures with almost arbitrary 3D topology. DLW becomes increasingly widely used for fabrication of micro-photonic components [2] [3] [4] [5] (e.g., optical waveguides, directional couplers, diffraction gratings, photonic crystals), and micro-channel systems 6, 7 (e.g., micro-mechanical, microfluidic devices). In photonics, DLW is especially attractive for the fabrication of 3D photonic crystal structures in thick photoresists. 4 Fabrication of photonic crystals by DLW illustrates both strength and weakness of this method. Its most valuable feature is the possibility to realize complex 3D photonic crystal architectures, such as circular spiral structure, 8 that are out of reach of almost all other known fabrication techniques. Despite the high flexibility achievable in structuring, DLW can not immediately produce functional photonic crystals, because this method is mainly applicable to materials with relatively low refractive index (typically n = 1.5 − 1.6), and the fabricated structures do not open photonic band gap in 3D. Thus, additional post-processing steps such as infiltration by other materials are required in order to enhance the refractive index contrast.
9, 10 These circumstances prompt one to look for areas of application where advantages of DLW could immediately deliver usable devices. Here we focus on microstructuring of iron-doped lithium niobate (Fe:LiNbO 3 ) crystals by DLW. This application is conceptually close to formation of optical waveguides, Bragg gratings, optical memories, and other photonic devices in glasses and other optically transparent materials via optical damage. [11] [12] [13] While structures produced via the optical damage are permanent and can not be modified subsequently, photomodification in iron-doped lithium niobate occurs via photorefractive effect, 14 without structural damage, and the fabricated structures can be modified. This mechanism of photomodification has been widely exploited for holographic recording in lithium niobate, but did not find many applications on DLD. We demonstrate here that it can be also exploited for DLW, and allows fast recording, erasure and re-recording of various structures in the same volume of Fe:LiNbO 3 crystal. In particular, we demonstrate formation, erasure and modification of reversible diffraction gratings, which can be regarded as simple prototypes of diffractive elements, waveguides and other microphotonic components.
TECHNIQUES AND SAMPLES

DLW optical setup
Optical setup used for the fabrication is shown schematically in Fig. 1 . The laser source is a femtosecond MaiTai oscillator (Spectra-Physics) with a pulse duration of < 100 fs, a central wavelength of 800 nm, and a repetition of 80MHz. The laser beam is attenuated by a variable attenuator, and expanded to about 10 mm diameter using a Gallilean telescope. Subsequently, the beam is coupled into an inverted optical microscope (Olympus IX71) which houses focusing objective lense and a sample holder mounted on a high-accuracy translation stage. An air lens with numerical aperture NA=0.35 was used for focusing the laser beam into the sample. The laser write process was facilitated by translating the sample using a piezoelectric transducer (PZT) controlled 3D translation stage consisting of paired x-y and z stages (Physik Instrumente P-628.2CL, and P-622.ZCL, respectively). The PZT stages provide positioning with accuracy of several nanometers within the srange of (800 × 800 × 250) μm. Custom-made software package was used for controlling the sample translation and laser beam intensity during DLW. The fabrication was monitored in-situ under illumination of a halogen lamp using a video camera attached to the microscope. inside the crystal is affected by spherical aberrations. In order to minimize this undesirable effect, moderate depth of focusing under the crystal surface (∼ 20 − 30 μm) was used during the fabrication. Details regarding photorefractive index modification mechanism in lithium niobate will be explained in further sections.
Lithium niobate samples
RESULTS AND DISCUSSION
Due to its attractive linear and non-linear optical properties, 15 lithium niobate is widely used in photonics. Formation of micro-scale refractive index modulation structures (waveguides, gratings, couplers) in lithium niobate is traditionally achieved using permanent strucuring techniques, such as proton exchange through planar masks. However, this approach can only produce permanent index modulation in the sub-surface region. Laser processing of lithium niobate has attracted significant attention recently due to its simplicity and contactless nature but these studies mostly exploited irreversible photomodification mechanisms via laser-induced optical damage, and the fabricated structures were permanent. 16 At the same time, it is well known from the area of research related to holographic recording in lithium niobate that semi-permanent structures can be recorded by exposure to spatially periodic light interference fields in iron-doped lithium niobate (LiNbO 3 :Fe). 17, 18 In this material iron (and also other impurities) provide deep donor levels responsible for photosensitivity at visible wavelengths, and space-charge field between photoexcited mobile electrons and stationary ionized donors results in refractive index modulation via electro-optical effect. The recorded periodic pattern can be subsequently erased by spatially-uniform exposure, and multiple write-erase cycles can be performed in the same region of crystal. Exploitation of this mechanism for DLW is an interesting but not yet widely explored opportunity to create index modulation structures that can be subsequently erased or modified by optical means.
Principle of reversible photomodification via photorefractive effect
Instead of periodic light interference pattern used in holographic recording, here we consider a single localized region illuminated by a focused laser beam as illustrated schematically in electrons in the conduction band and stationary positively-charged donors in the bandgap. Due to the electronic intensity gradient, diffusion away from the focal spot takes electrons away from the excitation sites, and electrons are retrapped at locations which are away from the photoexcitation sites. As a result, space-charge field between positively-charged center of the focal region (with excess ionized donor density) and negatively-charged pheripherial regions (with excess electron density) is formed. The space-charge field leads to local refractive index modulation via electro-optical effect, 14 which is pronounced strongest along the crystallographic c−axis direction. Since carrier diffusion and re-trapping rates are relatively slow, these processes generally limit the speed of space charge buildup, and in holographic recording prolonged exposure may be necessary for reliable recording. Moreover, stability of the recorded structures is undermined by dark-current and photo-conductivity. In these circumstances, thermal fixing can be used to stabilize the recording. 19 It was demonstrated previously that exposure of Fe:LiNbO 3 crystals to tightly-focused,single pulses of a femtosecond laser leads to the formation of localized spatial domains in which refractive index modulation of the order of ∼ 10 −3 can be achieved. 20 The photomodification sites are stable, can be erased optically, and can survive multiple recording-erasure cycles. Physical mechanisms responsible for these observations 21 were found to differ strongly from those encountered in the case of irradiation by weak continuous wave (cw) or pulsed lasers. 22, 23 Previous studies of reversible DLW in lithium niobate used single pulses from a high-power femtosecond amplified laser as an excitation source. In this study, train of high-repetition weaker pulses from a cheaper laser oscillator is used. 
Recording of diffraction gratings in Fe:LiNbO 3
We have chosen diffraction gratings as the main structure for experimental studies and characterization. Diffraction grating comprised by a periodic set of parallel lines represents an example of structure that is easy to record by DLW, and is simple to characterize by transmitting a laser beam and observing its transmitted and diffracted orders. The recording is easy because it involves repetitive translation of the sample along the directions of grating lines. Optical characterization of a grating by its diffraction efficiency is simple and allows one to deduce amplitude of the refractive index modulation. From the practical viewpoint, diffraction gratings are important elements of photonic devices and networks, and can be also regarded as simplest holograms. Figure 3 shows optical microscopy images of several diffraction gratings. The gratings were recorded in the area of (400 × 400) μm 2 . Average laser power at the focus was 35 mW, drawing velocity was 100 μm/s, and the translation was perpendicular to to the crystalline c−axis. Focusing the laser beam with central wavelength of 800 nm using a lens with NA=0.35 results in estimated lateral and axial width of the focal region of 2.8 μm and 24 μm, respectively. This estimate was done using Finite-Difference Time-Domain (FDTD) simulation with realistic parameters of the laser beam and lithium niobate crystal (see Fig. 5 ). Lateral resolution defines the shortest possible grating period Λ, while axial resolution defines its geometrical thickness. In our experiments we found that strong optical contrast due to refractive index modulation is still observable for Λ = 3 μm as illustrated in Fig. 3(a) . For shorter period gratings, the optically visible modulation decreases due to overlap. For longer grating period Λ = 8 μm (Fig. 3(b) ) when separation between the lines exceeds the width of a single line, the grating profile becomes non-sinusoidal. The grating modulation is strongest when writing direction is perpendicular to the c−axis direction, and becomes negligible when writing direction is parallel to the c−axis. Nevertheless, it is still possible to write linear features that have segments non-perpendicular to the c−axis direction. This is illustrated by the set of wavy lines shown in Fig. 3(c) . Thus, writing of two-dimensional structures is possible despite the anisotropy of electro-optical effect in LiNbO 3 . Fig. 3(a,b) . Diffraction was tested by transmitting a loosely focused, spatially-filtered beam of a semiconductor laser with a wavelength of 635 nm and a power of 0.1 mW. The diffraction patterns were projected on a white screen and imaged by a CCD camera. Multiple diffracted orders can be seen at larger grating periods Λ ≥ 8 μm; the diffraction angles correspond to the grating period according to the Bragg law.
Diffraction efficiency and refractive index modulation
Diffraction efficiency of the grating can be estimated from the relation η = I diffr /I inc , where I diffr and I inc are intensities of the diffracted orders and the beam incident on the grating, respectively. Figure 4(b) shows dependence of the first-order diffraction efficiency on the average power of the recording laser during DLW for a fixed grating period Λ = 5 μm. Diffraction efficiency exhibits sharp decrease with decreasing laser power, with extrapolated threshold power of about P thr = 21 mW. Such qualitative behavior can be indeed expected in the case when photoexcitation occurs via non-linear absorption. Figure 4 (c) shows diffraction efficiency for various grating periods in various diffracted orders. It can be seen from this Fig. 4(a,c) that first-order efficiency is strongest, and is relatively independent of the grating period. For Λ = 3 μm, the efficiency drops sharply, most likely due to partial overwrite between the neighboring grating lines. We have also investigated augmentation of the diffraction efficiency by increasing its geometrical thickness of the grating. For this purpose, a stack of five identical gratings displaced by increment of 10 μm along the focusing (axial) direction was recorded. As expected, this has resulted in almost five-fold increase in η (Fig. 4(c) ).
We used the experimentally determined values of η for estimation of the index modulation amplitude achieved by DLW. Details related to this estimation are illustrated schematically in Fig. 5 . We assumed that gratings are pure phase gratings with sinusoidal spatial profiles. The latter assumption should be valid for shorter period gratings, where close spacing between the lines is likely to result in near-sine grating profile. For sine phase grating with weak phase modulatiom, diffraction efficiency in the 1−st order can be expressed analytically as η ±1 = J 2 1 (Δφ) where J 1 is first-order Bessel Function of the first kind, and Δφ is the phase shift. 24, 25 The phase shift can be approximated as Δφ = 2π(ΔnΔz)/λ, where Δn is the refractive index modulation ampliture, Δz is the effective geometrical thickness of the grating, and λ is the probing laser wavelength. Precise axial profile of the index modulation in the grating is unknown, but for DLW with moderate exposure geometrical thickness of the grating should not exceed axial length of the focal region. The latter was determined from the calculated intensity distribution near the focus obtained using FDTD simulation and known optical parameters of lithium niobate (Fig. 5 ). Under these assumptions the refractive index modulation amplitude of Δn ≈ 1.5 × 10
−3
was deduced for grating with Λ = 5 μm. This value of index modulation is similar to or larger than that achieved in lithium niobate using holographic recording technique. The advantage of our intense femtosecond excitation is the circumstance that photomodification is nearly instantaneous, whereas holographic recording under continuous-wave irradiation would require long exposures for the buildup of index modulation.
Reversible formation of index modulation structures
Finally, we will demonstrate that local index modulation induced during femtosecond DLW can be erased and re-written in the same region of the crystal as illustrated schematically in Fig. 6(a) . Since spatially non-uniform photoexcitation is crucial for the buildup of space-charge field and photorefractive effect, optical erasure can be simply realized by exposing the recorded region with spatially uniform irradiation. However, such erasure would not be spatially selective. Parts of the recorded structure can be erased selectively using the recording laser beam of DLW as illustrated in Fig. 6(a) . The beam translation along the c−axis direction will eventually result in uniform spatial exposure along the entire path of translation, except for the initial and final points of the line where erasure artifacts will result. A simple way to exploit this circumstance for reversible DLW is outlined in Fig. 6(b) . Part of the previously recorded structure is erased using lateral sweep of the DLW beam along closely-spaced lines, and a new structure is recorded in the erased area.
Practical demonstration of these capabilities is given in Fig. 7 . Initially, grating with Λ = 4 μm was recorded in a rectangular area sized (100 × 100) μm 2 . Subsequently, a smaller rectangular area at the center was erased middle using dense lateral sweep of the laser beam, and finally, another grating with Λ = 4 μm and size of (40 × 40) μm 2 was recorded in the erased area. This was achieved without optical damage to the host crystal, and no deterioration of the optical quality could be detected in the laser-processed region after tens of write-erase cycles. Temporal stability of the recorded structures has not yet been studied in detail, but the structures were found to survive from weeks to months after the recording, depending on the host crystal and its properties (defects, etc.).
CONCLUSIONS
Application of DLW technique which exploits reversible microstructuring of iron-doped lithium niobate was demonstrated. Photomodification of iron-doped LiNbO 3 crystals by a focused femtosecond laser beam can produce refractive index modulation by an amount of Δn ≈ 10 − 3 nearly instantaneously, and extended index modulation structures can be drawn using the DLW method. Despite the low refractive index contrast, these structures can be immediately used as diffractive elements and optical waveguides. Their advantage in comparison to similar structures fabricated by DLW in transparent dielectrics via irreversible laser-induced breakdown is reversibility of the photomodification, which enables one erase or modify the recording on-demand, using purely optical means. It may be possible to apply this approach for microstructuring of dynamical photonic structures, for example waveguides and waveguide arrays, directional couplers, diffractive elements, computer-synthesized holograms, and rewritable optical memories. This method can be also applied to other photorefractive materials, such as lithium tantalate, LiTaO 3 .
